We present an overview of the changes expected during the 21st century in key marine parameters (sea surface temperature, sea surface salinity, sea level and waves) in the sector of the NE Atlantic Ocean close to the Spanish shores. Under the A1B scenario, open-sea surface temperatures would increase by 1°C to 1.5°C by 2050 as a consequence of global ocean warming. Near the continental margin, however, the global temperature rise would be counteracted by an enhancement of the seasonal upwelling. Sea surface salinity is likely to decrease in the future, mainly due to the advection of high-latitude fresher waters from ice melting. Mean sea level rise has been quantified as 15-20 cm by 2050, but two contributions not accounted for by our models must be added: the mass redistribution derived from changes in the large-scale circulation (which in the NE Atlantic may be as large as 15 cm in 2050 or 35 cm by 2100) and the increase in the ocean mass content due to the melting of continental ice (for which estimates are still uncertain). The meteorological tide shows very small changes, and therefore extreme sea levels would be higher in the 21st century, but mostly due to the increase in mean sea level, not to an increase in the storminess. The wave projections point towards slightly smaller significant wave heights, but the changes projected are of the same order as the natural variability.
INTRODUCTION
The largest coordinated experiment using atmosphere-ocean models aimed to gain insight into the effects of emissions of greenhouse gases and aerosols on global climate is the Coupled Model Intercomparison Project (CMIP, http://cmip-pcmdi.llnl. gov/), sponsored by the World Climate Research Programme (WCRP, http://wcrp-climate.org/). The results of the simulations carried out in this project constitute the nucleus of the reports issued by the Intergovernmental Panel on Climate Change (IPCC 2013) . Although these models represent today the most powerful tool for the study of past and future global climate, their applicability at regional scale is limited by their coarse resolution. In the case of the Spanish shores, for instance, global climate models (GCMs) can solve the main physical processes of the Atlantic Ocean and thus correctly reflect the large-scale hydrodynamics, but they are unable to account for regional processes such as the seasonal upwelling, the exchanges with the Mediterranean basin or the impact of regional winds on extreme sea level and waves. The study of these processes requires the use of ocean regional climate models (ORCMs) forced with a high-resolution atmospheric forcing and nested to global models at the open boundaries.
Here we present a set of regional marine climate scenarios covering the sector of the NE Atlantic Ocean surrounding the Spanish coasts. They were generated in the framework of two projects (see the Acknowledgements for their references) aimed at understanding the processes underlying the projected changes and generating useful products for coastal managers, harbour authorities and other stakeholders. The parameters dealt with are those of primary interest for impact studies on coastal ecosystems and infrastructures: sea surface temperature (SST), sea surface salinity (SSS), mean and extreme sea level and mean and extreme waves.
Given the broad scope of the work, we have focused on outlining the most important features for each of the examined parameters (e.g. mean values and trends observed during the last decades of the 20th century and trends projected for the 21st century). These results will be compared with previous works in the discussion section, where a proper set of references will be quoted. The main processes underlying the major projected changes will also be dealt with in the discussion; however, a complete, in-depth analysis is beyond the scope of this work and would need several, more specific papers.
The structure of the paper is as follows. We first present methodological details such as the types of simulations, the characteristics of the models, the downscaling of atmospheric fields used to force the ORCMs and how the results were analysed for each variable. The next four sections are devoted to presenting the results for SST, SSS, sea level and waves. Last, all the results are discussed and the conclusions are outlined in separate sections.
METHODOLOGY

Types of simulation and ocean models
Three types of numerical simulations were carried out to obtain the set of marine regional climate scenarios presented in this work. Each type was implemented in the three characteristic 'modes' of climate studies: a hindcast mode and a control simulation for the present climate and a projection mode for the future climate.
First, we conducted baroclinic runs with an ORCM to obtain the hydrodynamic variables (temperature, salinity and currents); also the baroclinic component of sea level changes (those resulting from changes in the density of the water column and circulation) can be inferred from baroclinic simulations. The ORCM used was IBMED12, a regional implementation of the filtered free surface (non-tidal) NEMO v3.2 model (see e.g. Madec 2008 , Lebeaupin-Brossier et al. 2011 . The domain of IBMED12 ranged from 23°N to 50°N and from 38°E to 21°W (Fig. 1A) with a resolution of 1/12 degree (i.e. it covers all the Iberian coasts, the Canary Islands and the entire Mediterranean Sea, although the latter is not discussed here). At Gibraltar, the grid is tilted and stretched in order to better follow the SW-NE axis of the real strait and to locally increase the spatial resolution (up to 6 km). Even so, the model cannot reproduce all the processes occurring at the strait, so it also includes an enhanced vertical mixing parameterization aimed at mimicking the interaction between topography and tides. This combination has shown to produce reasonable results in the representation of the fluxes and water mass properties at the Strait (Soto-Navarro et al. 2014 , Adloff et al. 2015 ).
The baroclinic model was forced at surface with momentum, heat and fresh water fluxes using the formulation described by Barnier (1998) . The forcing fields were obtained from the dynamic downscaling of atmospheric reanalyses for the present climate, and from the dynamic downscaling of two GCMs for the control simulations and projections (see next section for details on the downscaling process, the reanalyses and the GCMs). The temperature and salinity prescribed at the Atlantic open boundary were obtained from the Levitus-94 database for the present climate simulations; for the projections we used the Levitus-94 database corrected with the anomalies with respect to the control run produced by the ocean module of the GCMs. In both cases we set a sponge region of 2º around the boundaries where a gradual relaxation (10 to 90 days) of temperature and salinity towards the boundary values was imposed. Finally, a monthly climatology with the run-off of 40 rivers was also used as lateral freshwater input for the hindcast and control runs: the rivers of the Mediterranean Sea were obtained from the RivDis climatology (Vörösmarty et al. 1998) , while the Atlantic rivers were taken from the ORCA12 model configuration (Bourdallé-Badie and Treguier 2006) . For the future projections the monthly climatology of each river was corrected with the hydrological projections used in the GCM runs. Monthly mean output val-ues were used to obtain most of the results of this work (for some validation tests against observations we used daily values).
ORCMs rarely include atmospheric pressure among the forcing parameters. This means that the mechanical forcing of the atmosphere on sea level (the so called 'meteorological tide' or 'meteorological residuals') has to be computed separately using barotropic models. The model used here was a 2D version of the HAM-SOM model (Backhaus 1985) implemented over the same domain used by the operational sea level forecasting service of the State-owned Spanish Port Authority (see Alvarez-Fanjul et al. 2001, and Jordà et al. 2012 , for more details on its implementation). The domain covers the Mediterranean Sea and the Iberian Atlantic coasts, but not the Canary Islands (see Fig. 1A ), with a spatial resolution of 1/4° in longitude and 1/6° in latitude (~18×18 km). The model was forced with highfrequency (1h) sea level pressure and 10-m wind fields obtained from the same dynamic downscalings used to force the baroclinic runs. The use of a high-frequency forcing is crucial to resolve not only the mean regime but also the extreme values of the meteorological tide, which is the major subinertial component of sea level extremes (i.e. excluding tides, which are assumed to remain constant in time and are predictable). For the baroclinic runs we used monthly mean values to analyse the mean regime (except for some validation tests against observations). For the analysis of extremes we used hourly output values. the atmospheric downscalings used to force the ocean models (in red), of the baroclinic simulations (in blue) and of the barotropic simulations (in green). The bathymetry of the region is also plotted. B, domains selected for the regional analysis: Cantabrian Sea (red), Atlantic margin (green), Gulf of Cádiz (blue) and Canary Islands (purple). The location of the buoys used for the validation of different hindcasts is also shown. C, domain of the wave model WAM, with the different spatial resolutions.
Finally, wave simulations were carried out with the Wave Prediction Model (WAM), a third-generation model that explicitly solves the wave transport equation (WAMDI 1988 , Günther et al. 1992 . The implementation domain covered almost the entire North Atlantic in order to account for the remote forcing. The spatial resolution over the Atlantic domain ranges from 1º in the outer domain to 2.5 km near the coasts (Fig. 1C) . The model was forced with high frequency (1 h), 10-m wind fields from the same dynamic downscalings used to force the baroclinic and barotropic runs. Again, the use of high-frequency forcing is crucial for resolving not only the mean wave regime but also the extreme events, which are of great interest for impact studies. On output we stored significant wave height (SWH, the only parameter explored here), wave direction, mean period and peak period every 3 hours, though for the analysis of the mean regime we used monthly mean values. More details of these simulations can be found in Martínez-Asensio et al. (2015a, b) .
The atmospheric forcing
All atmospheric fields requested to force the ocean models were obtained from regional dynamic downscalings. These were carried out with the RCA3.5 model, an atmospheric RCM developed from the HIRLAM model and initially intended for numerical weather prediction (Jones et al. 2004 , Samuelsson et al. 2011 . Its dynamic core uses a semi-implicit and semi-Lagrangian scheme with sixth-order horizontal diffusion applied to the predictor variables and two levels in time. The solution in the interior domain is relaxed towards the boundary conditions in a buffer zone of eight grid points using a relaxation function based on harmonics. In this study the model was configured with 0.22° (∼25 km) of spatial resolution over a domain from 22.5°N to 50.22°N and from 21.96°W to 42.72°E ( Fig. 1A) ; in this way the boundaries of the downscaling domain are far enough from the Iberian Peninsula to avoid undesired boundary effects in the region of interest.
The RCA3.5 model was first used to downscale two atmospheric reanalyses: ERA40 (1958 ERA40 ( -2001 and ERA-Interim (1989 -2008 , both generated by the European Centre for Medium Weather Prediction and having a temporal resolution of 6 hours. These reanalyses have been widely used among the scientific community and their details are given in many previous works (see e.g. the original papers by Uppala et al. 2005, and Dee et al. 2011) . Here we will focus mainly on the downscaling of ERA40, since it covers four decades and therefore gives a more robust characterization of the present climate. ERA-Interim will be used when only recent observations are available for the validation, as is the case of buoy data.
The RCA3.5 model was also used to downscale the control simulations and the future projections (2000-2100) of two state-of-the-art GCMs: ECHAM5 (referred to simply as 'ECHAM'), from the Max Planck Institute in Germany (see e.g. Roeckner et al. 2003) , and HADCM3, from the Hadley Centre in the UK (see e.g. Pope et al. 2000) . The second was used in three different versions corresponding to different sensitivities to the anthropogenic forcing of greenhouse gases, referred to as 'HADLEY-low', ' HADLEY-ref' and 'HADLEY-high'. Of the set of available ECHAM5 and HADCM3 runs we downscaled those forced under the CMIP3 intermediate scenario A1B, which assumes a rapid increase in global CO 2 emissions during the first half of the 21st century to reach a peak around 2050 and decline thereafter. The more recent RCP scenarios proposed in CMIP5 differ from the SRES CMIP3 scenarios in that they focus on CO 2 concentrations instead of on CO 2 emissions; in practice, however, the radiative forcing of SRES and RCP scenarios is fairly similar (RCP8.5 is similar to A2, RCP6.0 to A1B and RCP1.3 to B1). Although all results obtained with the RCMs correspond to scenario A1B, we will briefly discuss their sensitivity with respect to the emission scenario basing on the results obtained with GCMs.
Finally, we must note that the whole set of downscaled control simulations and projections (ECHAM, HADLEY-low, HADLEY-ref and HADLEY-high) has only been used to force the barotropic and wave models. Because of their high computational cost, the baroclinic models have only been forced with the control simulations of ECHAM and HADLEY-low for the period 1961-2000 and with the projections of ECHAM and HADLEY-low for the period 2000-2050. It is also worth noting that a large part of the domain used to run the wave model (Fig. 1C) is not covered by the downscaling domain; in those areas (the outer part of the domain, needed to account for the remote generation of waves) the forcing winds were obtained from non-downscaled reanalysis and GCM simulations. The list of all the simulations used in this work is presented in Table 1 .
Analysis of results
Results are presented in separate sections for SST, SSS, sea level and waves. For each variable the hindcast runs are first validated against observations. The objective is to assess the extent to which ocean models are able to reproduce the actual ocean variability when they are forced with the best approach available for the atmospheric fields (the downscaled reanalyses). If the results are considered satisfactory then the mean values and trends computed from these runs will in principle constitute a good approach to the marine climate of the last decades of the 20th century.
In a second step the hindcast and the control simulations are compared. Since the control simulation runs freely, only constrained by the radiative forcing, it cannot be expected to reproduce the chronology of the hindcast, but it should be statistically consistent with it. Parameters such as mean values and intra-seasonal, seasonal and interannual variability should be similar in both simulations (though not necessarily the same in a strict sense, since these parameters are affected by the interdecadal variability when they are averaged over a few decades). The main objective of the comparison is to assess the model ability to produce a climate realization when running in a free mode. If there were significant discrepancies between the control and the hindcast this would reveal some model deficiency and would prevent its use for future projections. Conversely, if the comparison hindcast-control is acceptable, then there is some confidence that by extending the control run to the 21st century a realistic realization of the future climate will be obtained.
Finally, the comparison between the control and projection runs will reflect the climate impact of a greenhouse gas increase, as these two simulations only differ in that parameter. The description of the impact will be presented in different ways: by comparing the mean values of recent decades with those obtained for the 21st century, by computing linear trends and, in the case of sea level and waves, by also comparing the extreme values.
SEA SURFACE TEMPERATURE
Validation of the hindcasts and comparison with the control simulations
In order to validate the hindcasts they have first been compared with the monthly Ishii database (Ishii and Kimoto 2009 ), one of the reference climatological global products. In terms of bias, the two hindcasts slightly overestimate the climatological SST in the Bay of Biscay, particularly along the Cantabrian coast ( Fig.  S1 shows the comparison for ERA40). Conversely, in the southern half of the domain the hindcasts show a slight underestimation, more pronounced along the coastal areas of Portugal and Morocco. We also compared the standard deviation, which accounts for the temporal variability at scales longer than one month; this is slightly higher for the hindcasts than for the climatology over most of the domain, particularly in the Cantabrian Sea and in the Gulf of Cádiz. The exceptions are the Atlantic Iberian coasts and the Moroccan coasts, where the variability of the hindcast is smaller than the variability of the climatology (Fig. S1 ).
The coastal pattern of the differences found for the standard deviation and, to a lesser extent, for the mean fields, could suggest some problems of the hindcast to capture the seasonal upwelling taking place along the African and Iberian margins. To interpret the differences correctly, one must keep in mind that the seasonal upwelling peaks in summer, making the seasonal variability of SST along the coast to be lower than in the open sea. Therefore, the underestimation of both the mean values and the variability along the coast would point towards an overestimation of the upwelling by the hindcasts. However, the alternative explanation must also be considered: it could well be that the Ishii product cannot properly resolve the upwelling pattern due to its poor resolution (1°), which would result in an overestimation of both the mean value and the standard deviation by the climatology.
Solving this issue is crucial for the reliability of the projections regarding the coastal seasonal upwelling. Therefore, the hindcasts were also validated against local SST time series from buoys (see Fig. 1B for the location of the buoys). The comparison against the buoy of Cabo Silleiro, deployed in the northern sector of the Iberian margin, within the upwelling region, is very satisfactory (Fig. S2 ): the bias is small (-0.19ºC for ERA40, +0.10ºC for ERA-Interim) and also the variability is rather accurate (RMS errors <1°C, correlation >0.9). Beyond the statistics, the time series shown in Figure S2 confirm that the hindcasts reproduce quite well the seasonal upwelling, which shows up as a lowering of SST in summer. This suggests that the coastal differences between the hindcast and the Ishii climatology come more from the limitations of the latter than from a bad representation of the upwelling in the former.
The comparisons with other buoys (not shown) are consistent with the validation against the Ishii product shown in Figure S1 . Overall, the validation supports the hindcasts as a good approximation to the truth, which encourages a more detailed characterization of the domain through the regional averaging of parameters such as the mean value, the standard deviation, the 95 th percentile or the trend (Table 2) . A feature worth noting is that the trends computed for the last decades of the 20th century are all positive, but they are only statistically significant around the Canary Islands (0.2°C/decade). Figure 2 shows the SST seasonal means of the hindcast forced with ERA40 and of the control simulations forced with HADLEY-low and ECHAM for the common period 1961-2000. The spatial patterns of the seasonal averages are quite similar: overall they are characterized by a latitudinal gradient pointing to the south, and by the presence of upwelled, cold waters along the Iberian and Moroccan coasts in summer and autumn. In terms of magnitude, the HADLEY-low control simulation is quite similar to the hindcast forced with ERA40 (maximum bias of +0.52°C in summer, of the order of ±0.2°C for the other seasons), while the control simulation forced with ECHAM overestimates the hindcast temperatures, particularly in winter (+0.55°C) and autumn (+0.54°C). No drift or other major fault was detected in the control simulations, which were therefore considered satisfactory enough as to be the starting point for future projections.
Future projections and the climate of the 21st century
An initial approach to the changes that may occur during the 21st century is given by the comparison of the seasonal cycle averaged over the period 2021-2050 (derived from the projections forced with HADLEYlow and ECHAM under the A1B scenario) and the seasonal cycle averaged over the period 1971-2000 (derived from the respective control simulations). All cycles exhibit the same phase, with a peak in August and a minimum in March (Fig. S3) ; moreover, the differences between the projection and the control seasonal cycles remain constant throughout the year (of the order of 0.5°C for HADLEY-low and 0.4ºC for ECHAM), which means that the amplitude of the seasonal cycle of the scenarios would be similar to that of the control simulations.
Regarding trends, both HADLEY-low and ECHAM show a clear predominance of rising temperatures, but they also show negative trends along the Atlantic Iberian coasts (Fig. 3 ). The latter are more apparent in summer and autumn and are more intense for HADLEY-low, while in the ECHAM projection the negative trends are weaker and confined to the SW of Iberia. The location and seasonality of the negative trends point towards an enhancement of the seasonal upwelling; this issue will be examined in the discussion section, altogether with the changes obtained for SSS.
When the 2001-2050 trends are averaged over the whole domain, they are statistically significant for each season, as well as for the whole year. The trends are larger in winter (0.23ºC/decade for HADLEY-low and 0.25ºC/decade for ECHAM) and more moderate in summer (0.15°C/decade and 0.18°C/decade for HAD-LEY-low and ECHAM, respectively). The overall values are 0.17°C/decade for HADLEY-low and 0.21°C/ decade for ECHAM. However, these spatial mean values are not representative, as they mix two very distinct patterns: the clearly positive trends (between 0.2°C and 0.3°C/decade) obtained in the open sea in the two model projections, and the negative coastal trends, which in HADLEY-low are as large as -0.2ºC/decade along the Iberian margin (-0.1°C/decade in ECHAM, see Fig. 3 ).
The regional averaged values are shown in Table 3 . In the Cantabrian Sea and the Atlantic Iberian margin the ECHAM trends are +0.23ºC and +0.13°C/decade, respectively, while they are not statistically significant for HADLEY-low. Note that the Atlantic margin region does not show negative trends because its domain covers not only the upwelling system but also an open-sea region. In the Gulf of Cádiz and in the Canary Islands the trends are +0.17°C and +0.17°C/decade for ECHAM, and +0.13°C and +0.22°C/decade for HADLEY-low.
SEA SURFACE SALINITY
Validation of the hindcasts and comparison with the control simulations
The SSS fields of the hindcasts were also compared with the monthly Ishii database (Ishii and Kimoto 2009). Regarding the mean values, both the hindcast forced with ERA-Interim and the one forced with ERA40 slightly overestimate the salinity of Ishii in the Canary Islands region (see Fig. S1 for ERA40). However, the most important differences are found along the French coast of the Bay of Biscay and, to a lesser extent, along the Cantabrian Spanish coasts, where the hindcast SSS is lower than the Ishii SSS. These discrepancies are likely related to the plumes of the Loire and Garonne rivers; again, the low resolution of the Ishii product probably prevents a correct representation of the sharp salinity gradients associated with these two major river outflows. The higher standard deviation of the hindcasts in these coastal regions also points to the Ishii database rather than to the hindcasts as the one having problems in resolving the short-scale spatial structures. Unlike for SST, the hindcasts cannot be validated against SSS time series, since the buoys do not record salinity. The regional averaging of SSS parameters is given in Table 4 . The trends inferred for the last decades of the 20th century are all negative, but they are only statistically significant in the Gulf of Cádiz (-0.2 psu/decade for the ERA40 hindcast period . Figure 4 shows the SSS seasonal means obtained from the hindcast forced with ERA40 and those obtained from the control simulations forced with HADLEY-low and ECHAM for the common period 1961-2000. All seasons are characterized by a clear latitudinal gradient that migrates seasonally. Another important feature is the low salinity associated with the discharge of large rivers like the Loire and Garonne on the French coast, which also exhibit a clear seasonal behaviour. These features are similarly represented in the hindcasts and in the control simulations, though the latter slightly underestimate the SSS of the hindcast forced with ERA40. The largest seasonal differences occur in autumn, when the negative mean bias with respect to ERA40 reaches -0.20 psu for the control simulation of ECHAM and -0.19 psu for HADLEY- low. The largest differences are found off the Galician and Portuguese coasts and in the Gulf of Cádiz.
Future projections and the climate of the 21st century
While the control simulations of ECHAM and HADLEY-low are very similar, there are large discrepancies in their respective projections ( Fig. 5 ).
Both models show an overall decrease in the SSS of the region during the first 50 years of this century, but with important differences in magnitude and spatial distribution. In particular, HADLEY-low shows very marked negative trends (-0.2 psu/decade) on the Cantabrian and Atlantic coasts of the Iberian Peninsula, but unlike those obtained for SST they extend well offshore. The same model shows increasing SSS trends in the southern half of the domain (of the order of +0.05 psu/decade), particularly near the Canary Islands. Conversely, ECHAM shows a more homogenous spatial picture, with small to moderate negative trends that are more pronounced off the southern coasts of Portugal (up to -0.1 psu/decade) and around the Canary Islands. This is obviously not what would be expected from an enhancement of the coastal upwelling system (which should result in positive SSS trends), pointing therefore to the confluence of additional, distinct processes. Again, these processes will be examined in the discussion section, in the light of additional information.
The regional characterization of the trends (and other parameters) illustrates the differences between the two models (see Table 5 ). HADLEY-low shows regions with positive and negative trends, but the only ones that are statistically significant are the negative trends of the Atlantic margin. On the other hand, ECHAM shows negative trends between -0.03 and -0.05 psu/decade everywhere except in the Cantabrian Sea, where they are virtually null, but the only ones that are statistically significant are those of the Gulf of Cádiz.
SEA LEVEL
Validation of the hindcasts and comparison with the control simulations
Sea level is a particular variable in the sense that it is obtained by adding different contributions (see e.g. Griffies and Greatbatck 2012, or Jordà and Gomis 2013 , for an updated review). The constituents of longterm sea level variability are the thermal expansion/ contraction derived from changes in the hydrography (the so called steric or baroclinic component); the barotropic component forced by atmospheric pressure and wind; and the mass component, due essentially to ice melting, but also to mass redistributions not linked to the meteorological forcing. Regarding the baroclinic component, it must be noted that for models using the Boussinesq approximation (most of them) it does not coincide with the sea surface height (SSH) of the model. The reason is that Boussinesq models conserve volume, and therefore SSH can only account for sea and averaged over the regions of Figure 1B . The SSS values are those given by the hindcast forced with ERA40 (1961 ERA40 ( -2000 . Trends marked with (*) are not statistically significant at the 95% confidence level. level spatial gradients, not for overall expansions/contractions. The latter must be obtained by integrating the thermosteric component over the whole model domain at each time step, which results in a time-dependent, spatially-constant term that must be added to SSH (for more details see Jordà and Gomis 2013). The baroclinic and mass components of sea level cannot be directly validated, since there are no longterm observations of such components. The barotropic component can be validated at intra-seasonal scales, at which this is by far the dominant contribution to observed sea level. Although barotropic sea level is just one of the components of total sea level, its validation is important, because it is the most important contributor to total sea level extremes.
SSS
The barotropic sea level was validated by comparing the barotropic model outputs with tide gauge records from which we removed the seasonal cycle (which is mostly baroclinic). Since we cannot remove the mass component, we cannot expect a complete agreement between barotropic sea level and de-seasoned tide gauge records. However, the ice melting contribution (the largest contribution of the mass component) is a low-frequency signal with a small impact at intra-seasonal scales. The barotropic component was validated with daily values and by computing RMS differences, correlation and percentage of variance reduction for the available tide gauges (shown in Table 6 ). The RMS errors are of the order of 5 cm and the correlation is high for all the records. The maximum explained variance is obtained at Bilbao, where the hindcast explains more than 80% of the observed variability; the lowest value (55%) is obtained at Cascais. Overall, these values suggest that the barotropic output is a good approach to the actual atmospheric component of sea level. Regarding the comparison between the control simulations and the hindcasts, the baroclinic component shows that both HADLEY-low and ECHAM reproduce the main characteristics of the hindcast (Fig.  S4 ). These are a latitudinal gradient (with higher sea levels to the south) and a clear seasonal cycle (higher sea levels in summer/autumn). Conversely, the values produced by ECHAM around the Iberian Peninsula in summer and autumn are too high. Also the barotropic component of the hindcast is well reproduced by the control simulations of the different models for all seasons (Fig. S5) . Although there are some differences between the models, these are small compared with the spatial and seasonal variability. Considering that at least the patterns of both the baroclinic and barotropic hindcasts are well reproduced by the respective control simulations, this will also be the case for total sea level, since the missing mass component is virtually homogeneous in space (Lorbacher et al. 2012) .
The barotropic hindcasts were also compared with the control simulations in terms of extreme levels. Figure 6 (upper panels) shows the 50-year return levels; the patterns of the hindcast and of the control simulations are similar except perhaps for HADLEY-low, with higher return levels in the Bay of Biscay (∼50 cm) due to the marked storminess of the region and lower values (∼20 cm) at lower latitudes. 
Future projections and the climate of the 21st century
The 2000-2050 total sea level trends, evaluated for each season and for the whole year, are presented in Figure 7 . It should be noted that the figure includes the baroclinic and barotropic components, but not the mass component derived from the ice melting. Since the missing mass component is expected to be fairly homogeneous in space, what this Figure reflects is the spatial pattern of sea level rise in the region. On the other hand, the results of averaging the trends over the whole domain are presented in Table 7 . For both models the trends are positive and significant, but there are important differences between them. ECHAM shows more homogeneous trends (a mean value of 1.36±0.27 cm/decade) and they are slightly larger in summer, while HADLEY-low shows marked differences between regions (mean value of 2.18±0.54 cm/decade) and the largest trends are projected for winter. The differences are clearly due to the baroclinic component, since for the barotropic component the differences between models are of the order of 0.1 cm/decade (not shown).
A feature worth noting is that the uncertainty associated with the decadal variability and the differences between models are smaller than the uncertainty of the ice melting component. This component was estimated to contribute an additional 1.2 cm/decade according to the IPCC AR4 (see for instance Meehl et al. 2007) , while more recent estimates elevate that rate to 4.6 cm/ decade (see e.g. Bamber and Aspinall 2013) . That is, the sea level trends presented here probably reflect the spatial variability of the trends, but their magnitude will strongly depend on the missing ice melting component.
For the projection of extreme sea levels we used the barotropic component, the one that best reflects the storminess activity. The middle panels of Figure 6 show the 50-year return levels calculated for the period 2061-2100, while the lower panels show the differences between the latter and those computed from the respective control simulations (1961-2000, shown in the upper panels). The differences are slightly positive (∼10 cm) for ECHAM and HADLEY-low and slightly negative (∼-10 cm) for HADLEY-ref and HADLEYhigh. These results suggest the absence of clear trends in the storminess of the region. That is, extreme sea Fig. 7 . -Seasonal and total sea level trends (including the baroclinic and barotropic components, but without the contribution of ice melting and mass redistribution in the NE Atlantic) computed from the ECHAM and HADLEY-low projections . The seasons are denoted by DJF (winter), MAM (spring), JJA (summer) and SON (autumn). Trends are statistically significant at the 95% confidence level everywhere.
Units are cm/decade. levels will be higher in the 21st century, but because of the increase in mean sea level, not because of an increase in the storminess. Of course, there will also be an increase in the negative extremes (a reduction in absolute terms; they will be 'less negative') for the same reasons.
WAVES
Validation of the hindcasts and comparison with the control simulations
The wave hindcasts were compared with daily buoy observations located along the coasts of the domain (see Table 8 for the comparison and Figure 1B for the location of the buoys). In terms of SWH, the bias between the hindcast and the buoys ranges from 3 cm at Tenerife Sur to -55 cm at Gran Canaria, with a mean value of -36 cm. That is, the hindcast underestimates SWH in practically all buoys. The RMS error ranges from 33 cm in the Gulf of Cádiz to 72 cm at Estaca de Bares, with an average value of 57 cm. Some of these values may seem high, but to put them in context they must be compared with the SWH variance of each buoy, computing for instance the percentage of the buoy variance explained by the hindcast (last column of Table 8 ). The latter are higher than 85% for all buoys except for Tenerife Sur (61%) and Gran Canaria (77%), indicating that some local winds around the Canary Islands are not fully reproduced by the forcing. The correlation is consistent with the lasts statement: it is larger than 0.9 for all buoys except for Tenerife Sur (0.76) and Gran Canaria (0.87). Apart from these discrepancies, the validation of the hindcast is entirely satisfactory.
Regarding the comparison between the hindcast and the control simulations, the patterns are similar for all seasons, with the maximum values being obtained in the NW sector of the domain (less apparent in summer, see Fig. 8 ). The mean SWH is of the order of 2 m in winter (up to 4 m in the NW sector) and 1.5 m in summer (up to 3 m in the NW sector). The control simulations overestimate the hindcast by about 10% in winter (up to 25% in the case of ECHAM) and by about 30% in the other seasons. With the exception of the winter values of ECHAM, the control simulations and the hindcast differ in a fairly constant bias throughout the year (about 30 cm). That is, the control simulations are closer to the buoy observations (in terms of mean values) than the hindcast. Figure 9 (upper panels) also compares the results of the hindcasts and of the control simulations but for extreme values, namely in terms of 50-year return levels. As for the mean values, ECHAM considerably overestimates the control return levels, giving about 20 m in the NW sector while ERA40 gives about 15 m. The control simulations that best reproduce the pattern and magnitude of the hindcast forced with ERA40 are those produced by HADLEY-ref and HADLEY-high.
Future projections and the climate of the 21st century
The SWH trends projected for the whole 21st century are shown in Figure 10 and summarized in Table  9 , together with the percentage change in comparison with the past century. Most of the trends are statistically not significant; only ECHAM shows significant negative trends in the NW sector of the domain, where they reach -5 cm/decade in autumn. The few areas where trends are statistically significant are not consistent between models, perhaps because the vari-ations are all small (well beneath 10%) and therefore dependent on the different chronology of the simulations. Most of the projected changes are in fact smaller than the natural variability estimated from the control simulations (ideally the natural variability should be estimated with very long, pre-industrial records or simulations, but these are not available). In terms of annual means, ECHAM shows a decrease in SWH of the order of 10% by the end of the 21st century, while HADLEY-low shows an increase of +1% and HADLEY-ref and HADLEY-high show decreases of -3% and -2%, respectively (Table 9 ). Little can be said about eventual changes in the seasonal cycle, given the disparity between models in the seasonal trends.
The changes in the 50-year return levels of SWH (the differences between the return levels computed for the period 2061-2100 and those computed for are shown in Figure 9 (lower panels). There are apparent differences between the two periods, but they are not consistent between models. Thus, HADLEYlow and HADLEY-ref show the largest increases in the return levels (up to a few metres) in the NW and SW sectors of the domain, while they show a slight decrease in the central area. Conversely, HADLEY-high shows a significant decrease in the return levels to the north of the domain, and ECHAM shows the largest changes in the Gulf of Cádiz and adjacent areas. When computing the return levels for other periods (10, 20 and 100 years, not shown) the results obtained are consistent with those of Figure 9 : HADLEY-high always shows an overall decrease in the return levels, while the other models show an increase. However, it must be stated again that computing averages in a domain with such spatial disparity is rather questionable. Overall, the results suggest that the changes in SWH obtained from the projections are small and hardly distinguishable from the natural variability.
DISCUSSION
The aim of this section is twofold: to place our results in the framework of previous works and to provide further insight into some of the major processes identified in the results.
On the patterns of SST and SSS projections
As expected, both HADLEY-low and ECHAM show a clear predominance of rising SST in the open sea, as a consequence of the global ocean warming. Both models show trends of 0.2°C to 0.3°C/decade (that is, an increase of 1°C to 1.5°C by 2050). These values are in agreement with those obtained by Bopp et al. (2013) from an ensemble of 10 CMIP5 global models. According to these authors, the NE Atlantic SST will increase linearly during the 21st century, reaching an increase of 2°C to 2.5°C by 2100 under the RCP8.5 (high-emission) scenario; for the RCP2.6 (low-emission) scenario the increase would be 0.5°C to 1°C (non-significant in the northern sector of the domain). The SST trends obtained here are closer to RCP8.5 than to RCP2.6, which is in agreement with the fact that the intermediate SRES A1B scenario is closer to RCP8.5 than to RCP2.6 in terms of greenhouse gas concentrations.
Perhaps more interesting is the fact that we obtained negative SST trends along the Atlantic Iberian coasts. It is worth recalling that resolving such regional features is a key advantage of the RCMs used here in comparison with global models, and that this is one of the main motivations of this work. The negative coastal trends are more apparent in the southern sector of the Iberian margin and more marked in summer and autumn. There are differences between the two models (trends are more negative for HADLEY-low than for ECHAM) but they agree in pointing towards a more marked cooling to the SW of Iberia than to the north. Along the African coasts both models show null or slightly positive SST trends, i.e. much weaker than in the open sea.
The location and seasonality of the obtained SST trends points towards an enhancement of the seasonal upwelling. Moreover, they are in agreement with the changes observed during the last few decades; for example, Alves and Miranda (2013) found marked differences between open-sea and coastal trends when running an ORCM forced by ERA-40 and ERA-Interim reanalyses and attributed these differences to an intensification of the upwelling system. The differences between the northern and southern sectors of the Iberian margin have also been reported by several authors: Relvas et al. (2009) analysed different SST data sets spanning the last few decades and found an intensification of the upwelling in the southern sector of the Iberian margin, particularly in summer and autumn; and Álvarez et al. (2008) analysed QuikSCAT and PFEL data and attributed the spatial differences in the upwelling system to the interaction between the macroscopic wind regime and coastal orography.
However, the trends obtained for SSS along the Iberian margin are also negative (Fig. 5) , which is obviously not what would be expected from an upwelling intensification. In order to elucidate the processes underlying the observed SST and SSS patterns, we therefore had to carry out a more in-depth analysis of the forcing.
We first computed the trends in the v-component of the wind (positive pointing to north). This is the wind component responsible for the coastal upwelling and during the upwelling season it is predominantly negative due to the dominant northerly winds. Figure 11 shows some differences in the trends obtained from the two models. In summer HADLEY-low shows negative Table 9 . -Seasonal and total significant wave height (SWH) trends averaged over the whole domain computed from the projections forced with ECHAM, HADLEY-low, HADLEY-ref and HADLEY-high (2000 HADLEY-high ( -2100 . The standard deviation of the trends within the domain is also quoted. The percentage in brackets is the change of the mean SWH between the periods 2070-2100 and 1970-2000. Units are cm/y.
ECHAM HADLEY-low HADLEY-ref HADLEY-high
Winter -0.18±0.09 (-8%) 0.05±0.05 (+2%) -0.07±0.06 (-3%) 0.01±0.08 (----) Spring -0.04±0.07 (-2%) 0.06±0.04 (+3%) -0.03±0.04 (-2%) -0.08±0.06 (-4%) Summer -0.10±0.04 (-7%) -0.06±0.03 (-4%) -0.08±0.03 (-5%) -0.03±0.04 (-2%) Autumn -0.23±0.08 (-13%) 0.02±0.05 (+1%) -0.06±0.04 (-4%) -0.03±0.06 (-2%) Total -0.19±0.07 (-10%) 0.02±0.03 (+1%) -0.06±0.04 (-3%) -0.04±0.05 (-2%) trends (that is, increasing northerly winds and more upwelling) all along the Iberian margin, particularly in its northern sector. It also shows slightly positive trends (weaker northerly winds and therefore less upwelling) along the African coasts; however, it must be noted that trends are markedly negative all over the domain in spring, which may explain why the overall effect is a slight enhancement of the upwelling also along the African coast. ECHAM also shows negative summer trends along the Iberian margin, which are more intense below approximately 40° latitude. Along the African coast ECHAM shows slightly negative trends in summer, preceded again by markedly negative trends in spring. These findings suggest a future enhancement of the upwelling system, more intense along the Iberian margin and less intense along the African coasts. It is worth noting that the impact of the enhanced upwelling would not be limited to the upwelling season; the upwelled, cold waters remain at the surface, spreading offshore and contributing to the smoothing of the overall warming of the region all year round (see Fig. 3 ).
Looking at the u-component of the wind (pointing to the east) is also useful to explain the fate of the upwelled waters. Figure 11 also shows that in the HADLEY-low projection westerly winds decrease all over the domain, while in ECHAM they increase roughly above 40º latitude and decrease to the south. In the case of HADLEY-low the weakening of the westerlies would favour the exportation of upwelled waters offshore; in ECHAM this would also happen below 40°, but above that latitude the strengthening of the westerlies would favour the piling of the waters against the coast. This explains the shape of the SST trends obtained for each model (Fig. 3) .
The hypothesized enhancement of the Iberian upwelling must, however, be reconciled with the negative SSS trends projected by both models (more marked in HADLEY-low). The explanation comes from the ad- -low and ECHAM projections (2001-2050) and are statistically significant (at the 95% confidence level) all over the domain. Units are (cm/s)/y. vection of fresh water masses from higher latitudes. Figure S6 shows the decadal SSS changes inferred both from the control simulations and from the projections of both models. In several decades and for both models there is evidence of an increase in the SSS linked to the Iberian upwelling system. However, HADLEY-low also shows fresh waters entering the domain from the north by 2010 and occupying most of the northern half of the domain by 2020. This fresh water occupies the upper 200 m of the water column (not shown), completely hiding any upwelling signal from then on and being responsible for the marked negative SSS trends observed in Figure 5 . At lower latitudes the advection is mainly from the west, and the water masses entering the domain since 2000 have relatively high salinity and occupy the upper 300-400 m of the water column (not shown). The upwelling signal is also hidden by advection in the ECHAM simulations, though in that case the salinity is not as low as for HADLEY-low and the advected water masses come from the west and south by 2010-19 and from the north later on (Fig. S6) .
The key point is that in both models the salinity decrease due to advection is fairly large and affects at least the first 200 m of the water column. This implies that the water upwelled in the future will be fresher than present surface waters, resulting in the observed overall negative SSS trends. The water mass entering the domain from the north in HADLEY-low, for instance, is about 1 psu fresher than resident waters, while the difference between the surface and subsurface layers in the upwelling region is about 0.5 psu. This means that in spite of the increase in the amount of upwelled water projected for the 21st century, the salinity of the surface layer will be lower than at present.
On the physical processes related to the SST and SSS projections
The projected enhancement of the Iberian coastal upwelling is obviously related to an increase in the northerly winds. In fact, some of the previous works hypothesizing this enhancement are based only on the wind increase inferred from climate models, while others use an ORCM to model the changes. Among the latter, Miranda et al. (2012) used an ORCM with a 1/12° resolution forced with a dynamical downscaling of the HadCM2 global model run under the A2 scenario. They obtained an enhancement of the coastal upwelling (more frequent events with higher intensity) in the northern sector of the Iberian margin, near Cape Finisterre. They also showed that upwelled waters can be exported offshore for a few hundred kilometres and that they are able to locally cancel the effect of global warming in terms of SST trends. The difference from our work is that Miranda et al. (2012) is a process-oriented study rather than a climate projection, so they used climatological (constant) values at the open boundaries of the ORCM. This obviously prevents the advection of remote water masses into the domain and hence the masking of the upwelling enhancement, as happens in our projections. Another process-oriented study is the one by Cordeiro-Pires (2013) , who forced an ORCM with the mean wind and surface fluxes obtained from a set of 9 GCMs run under the A2 scenario, again keeping the boundary values of the ORCM constant. These authors obtained an SST increase (for the period 2070-2100 in comparison with 1970-2000) of about 1°C during the upwelling season (April to September) and of about 2°C during the other months.
The decrease in SSS obtained in our work has also been reported in previous studies. Terray et al. (2012) looked at 14 CMIP3 models run under the A1B scenario, reporting for 2100 and our region of interest a decrease of about -0.1/-0.2 psu due to melting of Greenland and Arctic ice. Cordeiro-Pires (2013) obtained a freshening of about -0.2 psu (for the period 2070-2100 in comparison with 1970-2000) from the 9 GCMs used in their study. The values quoted in the IPCC (2013) AR5, obtained from 28 CMIP models run under the RCP8.5 scenario, range between -0.5 and -1 psu (again for 2100 and our region of interest). A feature worth noting is that beyond the mean trends reported, all studies show large discrepancies between models (e.g. from -1 to +0.4 psu in Terray et al. 2012) , which is consistent with the marked differences observed here between HADLEY-low and ECHAM. The large uncertainties are due to both discrepancies in the amount of melted ice and differences in the evolution of the large-scale circulation in the North Atlantic.
The importance of the discrepancies obtained for the evolution of SSS goes beyond the Atlantic domain, as these waters are the ones entering the Mediterranean Sea through the Strait of Gibraltar. It is worth commenting here that all climate projections point to drier and warmer conditions over the Mediterranean, which would result in a saltier basin assuming that the Atlantic waters entering through Gibraltar were the same (or saltier) than at present. However, if these waters were significantly fresher in the future, as the two models used here seem to suggest, they could partially counteract the forcing of the local heat and freshwater fluxes and result in a slowing down of the salinization of the Mediterranean or even in a freshening (see e.g. Gualdi et al. 2011) . Moreover, it must be noted that the projected increase in the E-P+R budget of the Mediterranean (the process leading the long-term variability of Gibraltar fluxes, see e.g. Boutov et al. 2014) will result in an increase in the net flux through Gibraltar, which would enhance the impact of Atlantic waters on the Mediterranean circulation.
Conversely, changes in the salinity of the Mediterranean could also have an impact on the Atlantic circulation: salinity controls the buoyancy of the Mediterranean outflow in the Atlantic and therefore affects its interaction with the shallow-intermediate circulation that drives the surface climate. Ivanovic et al. (2014) have shown that changing Mediterranean salinity by a factor of two would result in a reorganization of the shallow North Atlantic circulation and in regional climate anomalies of ±4°C or more. However, although such major variations in salinity are believed to have occurred in the past, our (and all other) future projec-tions are very far from these values. That is, although changes in the Mediterranean's hydrological balance can have impact on the North Atlantic, these are envisaged to be small (Ivanovic et al. 2014) .
On sea level projections
The total sea level trends obtained (excluding the mass component) are up to 4 mm/y during the period 2000-2050 ( Fig. 7) , with a spatially averaged value of 1.4/2.2 mm/y for the ECHAM/HADLEY-low simulations. In comparison with recently published estimates, these numbers are small. For example, Slangen et al. (2014) obtained ~2.5 mm/y and ~4 mm/y for the whole 21st century and our region of interest under the RCP4.5 and RCP8.5 climate scenarios, respectively. Our A1B scenario is similar to RCP6.0, so our results should be between these two values.
The first reason for the possible underestimation of sea level trends could be the shorter period considered in our work (only the first half of the 21st century), because most models spanning the next 100 years show that sea level rise will accelerate from 2050 onwards. A second and perhaps more important reason is that the baroclinic ORCM used in our work cannot account for mass redistribution in and out of the considered domain, since the boundaries are rigid in terms of sea level. This is particularly important in regions where global models show noticeable sea level variations due to large-scale circulation changes. This is precisely the case of the NE Atlantic, where sea level rise projections are shown to exceed global mean sea level rise by 15 cm in 2050 and 35 cm by 2100 (Landerer et al. 2014) . A third source of discrepancy may come from the fact that we use only two models: the large spread of results shown by the ensemble of GCMs suggests that single-model results must be associated with a large uncertainty for both present-day assessments (Landerer et al. 2014 ) and future projections (Little et al. 2015) . Finally, it is worth recalling that the trends reported here for total sea level do not account for changes in the ocean water mass content due to the melting of continental ice. The amount of this missing component is also very uncertain, ranging from the 1.2 cm/decade reported in the IPCC AR4 (see for instance Meehl et al. 2007 ) to the 4.6 cm/decade of more recent estimates (see e.g. Bamber and Aspinall 2013) .
It is important to note that the limitations of our study are common to all ORCMs. Only very recently and thanks to the clarifying works of Calafat et al. (2012) and Jordà and Gomis (2013) , some ORCMs have started to use sea level from a GCM as a boundary condition. Hopefully, this crucial handicap to diagnosing sea level will be overcome in the next generation of ORCMs. Meanwhile, ORCM sea level estimates must be complemented with sea level regional anomalies (with respect to GMSL) inferred from GCMs. The uncertainty associated with the contribution of ice melting affects both ORCMs and GCMs. That is, our work shares the same limitations as others, and the only way of reducing this uncertainty is to improve the understanding of the ice-related processes.
Conversely, none of the two handicaps quoted for mean sea level (rigid boundaries and uncertainty of the ice melting contribution) affect our results on sea level extremes, since these are mainly due to the atmospheric (barotropic) component. We have shown that the meteorological tide will suffer very small changes, indicating that extreme sea levels will be higher in the 21st century but only due to the increase in mean sea level, not due to the storminess. The physical processes underlying the barotropic component of sea level will not be addressed here, as they have already been discussed both for the mean regime and for the extreme events (Marcos et al. 2011) under different climate change scenarios.
On wave projections
Regarding wave projections, for 2100 and under the A1B scenario ECHAM has shown a decrease in annual SWH values of -0.19 cm/year (-10%) when averaged over the whole domain (Table 9 ). This value is similar to the one obtained by Hemer et al. (2012) , who also used the ECHAM climate model to obtain a dynamical wind-wave global simulation but under the A2 emission scenario. More precisely, they also obtained a decrease of 10% for the period 1979-2099 and for the Atlantic coasts of the Iberian Peninsula. Significantly smaller changes in annual SWH have been projected by HADLEY-low (1%), HADLEY-ref (-3%) and HADLEY-high (-2%). These differences reflect the uncertainty associated with the winds projected by different climate models, as recently shown by Hemer et al. (2013) from a large ensemble of global wave simulations based on CMIP3 climate models. That is, our results point towards slightly smaller SWH, but the changes projected for 2100 are of the same order as the natural variability. The physical processes underlying the variability of the wave climate in the North Atlantic will not be addressed here, as they have already been discussed in Martínez-Asensio et al. (2015a , 2015b .
CONCLUSIONS
We have presented an overall view of the changes expected in key marine parameters in the sector of the NE Atlantic Ocean close to the Spanish shores. Because our aim is not only to report the projected changes but also to generate useful products for coastal managers, harbour authorities and other stakeholders, all data sets used in this work are, or will be, available for public use (e.g. in http://marine-climate.uib.es/). The changes described in this study can be summarized as follows.
In the open sea and under the scenario A1B the SST will increase by 1°C to 1.5°C by 2050, as a consequence of the global ocean warming. Near the continental margin, however, the global temperature rise could be counteracted by an enhancement of the seasonal upwelling. Along the Iberian margin the enhancement could be strong enough to result in negative temperature trends of the order of -0.2°C/decade, while along the African coast it would only result in a reduction of the open-sea positive temperature trends. The impact of the enhanced upwelling will not be limited to the upwelling season: the upwelled, cold waters will remain at the surface, spreading offshore and contributing to the smoothing of the overall warming of the region all year round.
SSS is likely to decrease in the future, mainly due to the advection of high-latitude fresher waters from ice melting. The advection could hide the SSS trace of the enhanced upwelling, since the difference between the salinity of the advected waters and resident waters could be higher than the difference between surface and subsurface salinity (this is not the case for SST, for which the difference between surface and subsurface temperatures is higher than the global warming, so the enhanced upwelling may even result in negative SST trends). However, our models and also the results reported in previous works show a large degree of uncertainty in the magnitude of the freshening due to discrepancies in the amount of melted ice and in the large-scale circulation of the North Atlantic. The importance of these discrepancies goes beyond the Atlantic domain, as these waters can have a strong influence on the evolution of the salinity within the Mediterranean basin.
Mean sea level rise (excluding the ice melting) has been estimated at 15-20 cm by 2050. This estimate must be complemented with the mass redistribution derived from changes in the large-scale circulation (not accounted for by the ORCM). In the NE Atlantic this contribution may be as large as 15 cm in 2050 (35 cm by 2100), as shown by GCMs. The increase in the ocean mass content due to the melting of continental ice is also to be added to our trends; the estimates of the latter are rather uncertain (from 1 to more than 4 cm/ decade), but they are envisaged as a major component of sea level rise. The results for extreme sea levels are more robust than those for mean sea level in the sense of pointing to very slight changes in the meteorological tide. That is, extreme sea levels will be higher in the 21st century, but only due to the increase in mean sea level, not to an increase in the storminess.
The wave projections point towards slightly smaller SWH, but the changes projected for 2100 are of the same order as the natural variability. Within the small range obtained from the trends (decreases of less than 10%) the models show discrepancies that reflect the uncertainty associated with the winds projected by different climate models.
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